12 United States Patent

Ikegawa et al.

US011264564B2

US 11,264,564 B2
Mar. 1, 2022

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

(%)
(21)
(22)

(65)

(1)

(52)

(58)

(56)

2014/0056060 Al
2014/0211552 Al*

MAGNETORESISTIVE DEVICES AND
METHODS THEREFOR

Applicant: Everspin Technologies, Inc., Chandler,
AZ (US)

Inventors: Sumio Ikegawa, Phoemix, AZ (US);

Hamid Almasi, Chandler, AZ (US);

Shimon, Singapore (SG); Kerry Nagel,

Scottsdale, AZ (US); Han Kvyu Lee,

Chandler, AZ (US)

Everspin Technologies, Inc., Chandler,
AZ (US)

Assignee:

Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 1534(b) by 120 days.

Appl. No.: 16/783,740

Filed: Feb. 6, 2020

Prior Publication Data

US 2021/0249589 Al Aug. 12, 2021

Int. CI.

HOIL 43/08
HOIL 43/02
HOIL 43/10

U.S. CL
CPC ..............

(2006.01)
(2006.01)
(2006.01)

HOIL 43/08 (2013.01); HOIL 43/02
(2013.01); HOIL 43/10 (2013.01)

Field of Classification Search
CPC .......... HOIL 43/08; HO1L 43/02; HO1L 43/10
U S P i e e et re e e aans, 257/421

See application file for complete search history.

References Cited

U.S. PATENT DOCUMENTS

2/2014 Khvalkovskiy et al.
7/2014 P1 oo G11C 11/18

365/158

2014/0269035 Al* 9/2014 Manipatruni ........... G11C 11/18
365/158

2017/0040529 Al 2/2017 Pr1 et al.

2018/0174634 Al* 6/2018 Kato ................... G11C 11/1659

2018/0190899 Al 7/2018 Kim et al.

2018/0190902 Al 7/2018 Garello et al.

2019/0115060 Al* 4/2019 Deshpande ......... G11C 11/1673

2020/0035909 Al1l* 12020 Sun ...............o.ee. G11C 11/1673

(Continued)

FOREIGN PATENT DOCUMENTS

EP 3591701 Al
WO WO 2019/167575 Al

1/2020
9/2019

OTHER PUBLICATTONS

International Search Report and Written Opinion in International
Application No. PCT/US2021/016144, dated May 4, 2021 (18

pages).

Primary Examiner — Jami Valentine Miller

(74) Attorney, Agent, or Firm — Bookoil McAndrews,
PLLC

(57) ABSTRACT

A magnetoresistive device may include one or more elec-
trodes or electrically conductive lines and a fixed region and
a Iree region disposed between the electrodes or electrically
conductive lines. The fixed region may have a fixed mag-
netic state and the free region may be configured to have a
first magnetic state and a second magnetic state. The free
region may store a first value when in the first magnetic state
and store a second value when 1n the second magnetic state.
The magnetoresistive device may further include a dielectric
layer between the free region and the fixed region and a
spin-Hall (SH) material proximate to at least a portion of the
free region. An msertion layer may be disposed between the
SH material and the free region.

20 Claims, 11 Drawing Sheets

110




US 11,264,564 B2

Page 2
(56) References Cited
U.S. PATENT DOCUMENTS
2020/0136017 Al1* 4/2020 Ashida .................... HO1F 41/32
2021/0249589 Al* 8/2021 Ikegawa ................. HO1L 43/02

* cited by examiner



US 11,264,564 B2

Sheet 1 of 11

Mar. 1, 2022

U.S. Patent

+*
+
+
+
]
+
-
+

+ + F ¥+ + + 4

* % A ok h+d
H " + F + 1 + 1 ¥ +

L]
cF b Fd kA kR Fd LD FAd e Y F A F R A R+ Ak Fr bR F kA Y FR o R A FL R+ R sk kA F R FL R AT

]
B+ b+ d o+ A FFF A+ A Fd A A F R FrFE o+ FFd kA F FFFFEFdFdFFF R+ ok FFd o+ A+ FEF A A FFR A F AR R+

LY
F

+Ii-+-i+1+-+.+-i.-.-.—...—.J.—.-i.—.-.—.-.—.-.—..l.—.-.—.-i-i-.i.—.-.—.-i..—..-.l.—.-.—.-.—.-+-I+-+Ji.1

OLe ,
Ue i _

+
'
b
+
L]

n s . - e . s mom Ll mowogoaom s omom .l s omomE AsomE 4o p oM EE &R E EE Ly Pl A EE o R E W EEE s s Ly P oEaomE

081~
0L

i ﬂ
a ram

+
LY
+

i
+
+

.-.
ad+ s hwe bhransandebhrualduewsarhesrsdspgnaradidrsearbhruedlduansarhesedasarhersldassserbrssesdsbdradsloersspgssndoldbobea
k.
]
T - '
d E
LI e e N N N T T

0i¢ _

Uel

L P LA N T I - N P L A N I L N N O N A L R L L PR I - N . L P B N L L Y L L L P A R N N

+

F

m&m |
-

+ + 8 4+ + 1 4+ F 2+ 8 4 4 = & F 4+ 8 4 = L 5 & 4 F o4 8 4 & 8 & 4 F 4 8 4 = & § & o4 8 4 F 4+ 8 2+ 8 & 4 5 o4 F o N 4 4 F o R 4 R LR

L INE N I B IO B B L DL DN N N DL D B L L D B R N B N NN N R N RN R L O B

101

+ v ¥ b F r+ FFFr Rt

.l
~ + h ¥+ d + d + + F + F + &

o
w

4115
041
08l

= rw rw tbawrawr
+ 4% + Fkt+ F+ Ft +h T
+ + ¥+ + b+ F+ ¥+ F

b+ 0+ % & kA F
4 = &+ 4 + F + 1 +

+ b+ & b F d +F b+ ko FEF A FL A Y FAd s F DLk F R R FRLFd kY R e d F bk D F A YRR+ d o+
*

I+ +r + A+ d+ N+ o+ FEFdFdF A+ Fd R+ R R+ A+ F R+ FFAd AR F A+ d A+ R FF A FdFFr b Fd A+ d o+

4
d
+,

LR I N R IO D T T B K O I T N B DT D T R I DO DT O D I I L R R R T e

+
-
+
+
T
+*
Ll
+
L
+*
+
-
+
T
+
T
+
-
+
+
t
+
b
+
-
+
*
+
+*
-
+
+*
+
"
+
+
+
+
+
+
L
+
-
+
-
+
+
-
+*
L
+
L
+*
+
+
+
T
+
i
+
-
+
+
r
+
-
+
T
+
-
+
+*

4+ ®m 2 R & 4 F 4 4 o RoA R A R N

P AL N, - PR,

el AL P N A, O - I P,

+

+ 1 F = = 4+ F + "

I
* 4+ % F + F + F 4+ 0 + % F+F &+ F + 1 4+ ++ +F +F +8 & +++F +PF +0 + +++PFFF+19 4+ % F+F +F +80 4+ 44+ +F +F &1 4

+ = L s T ma = &8 mmmnEmEan ampamd ey E W R E R ET E S FSEEEEEEEAFraST®aASTEarpTels e A Ak

F + =+ F o+

-
-
qn



U.S. Patent Mar. 1, 2022 Sheet 2 of 11 US 11,264,564 B2

139

139




U.S. Patent Mar. 1, 2022 Sheet 3 of 11 US 11,264,564 B2

L
—
e
:
: e’
- R
KN
LES
; X3
| ; - ) pa
' A
I . g
, ¥
: £y
E A - il
G
b -
AN

P

101

110

160

1 a

5




U.S. Patent Mar. 1, 2022 Sheet 4 of 11 US 11,264,564 B2

110

139

210 135

160

/7




U.S. Patent Mar. 1, 2022 Sheet 5 of 11 US 11,264,564 B2

Y P LI

102

110

135




U.S. Patent Mar. 1, 2022 Sheet 6 of 11 US 11,264,564 B2

110

L,

139

310

CEERSTER] iaf el




S. Patent Mar. 1, 2022 Sheet 7 of 11 S 11.264.564 B2

00

+
.
+
+
1
+
-
+
+
-
+ +
- 'y
i -
+
. . »
. '
*
.
+
*
1
+
.
R R R R R R R R R R R R R N N R R R R R R R R R R R R R R R R R R N R R R R R R R R R R N R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R N R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R RN NN
S
-..F-!
l-llr-r
A +
-
=
-
F
. =
-
+
*
+
.
+
-
. +
+
"
&
+ +
-
4 d + +
4 + +
+ L]
4+ + *
+ L]
-
+
.
*
o = 0
n s m E S Fa RN s r s R N - F A %S M F S N s s T A s F A %N A rairara s ura s arsaTaurairssanra an e a r Atk w o E w R s w A ra mrw oy A e E m kA e w R e A E ra L e R T r o R A s m s r mw oA m o m e o a d w v s e a o a e e m At s e m s e e e e ks R E s T m A ks e e A e e
r F on
14+
i+
-I-.-I--l-
a
ik
+
+
a
.l
*
L]
+
+
- -
! : .
A H X .
. '
4 p +
+
.
+
.
+ A,
+ +
+ L]
+ *
- ' -
+ +
H H H - H H +
r
+
-
+
* =+ 0 + %+ + F+ %+ +F + FF FFFFFF S FFFEFFFFPFFFFEEEF L F S FEF R YFE PR EFEFRYE YA Pt PR FAFEF YL R R EF PR FRESF LR Y PR TP RS RS L FYF FFEF R P F L L AP YRR+ FPEF R
+
+ + +
N .
w b4
r +
+
L
-
-
-
+.
Y - =
+
*
.
+
T
-
H H H H +
.
+
+
+
. . b
r
+ !
-
+
*
.
+
-
*
lpd-l-d-q[ilﬁqpihiqpiliq[ilﬁqpil[qpiliqLilﬁqlil[qliliqLﬁlpqliqpili‘pqLiqiﬁliq[ili‘iiliqiﬁliiii~i1'+ld-l-ll-lll-ld-l.l-'d-l.l-'l-ld'd-l+lll-l-d-l.1liliiliqiﬁlilpili‘piliqiﬁliqpili‘pilMiipiliq[ilﬁipihiipiliﬁ[ilﬁipiliipiliﬁliqpili‘pqli“
Ay
"
b-l-lr
+ F +
LI
-
- +
]
+ +
r
r )
= +
L]
.
+
) +
H +
H -
*
T
+
7
¢
1
+
T
. . +
+
4+
+
.
+
+
4
N R B R B N I N A R I N N T A B N R N I N N A N I N N N N N A N N R N N N N N N N N N N N N N A N R A O N A N N N R N N B I A N N T N N N B Nt A N T N N N A A N N N TN A N N A N N R A B N N N A A N N B N A N I N A A I N N B R B R R N N B R N A A N A N A R o O R N N N N e O )




S. Patent Mar. 1, 2022 Sheet 8 of 11 S 11.264.564 B2

10

+
-
+
+
1
+
=
+
+
-
+ F
- =
e -
+
. . »
-
+
-
+
+
1
+
-
R T T e P
S
= Fr ¥
0T
-il'-l-
=
-
F
. o
=
+
+
+
. . . . . . . . - . . .
-
+
-
+
+
r
&
+ +
=
4 h + +
4 + +
+ L]
KN + +
+ L]
-
+
-
+
+

[y - g
4 B N S FE &R 5 S, Fra kS W AW T EW FSE S A FET T EE E S % LW AS L LS FSTE S Fra TS AT AT S A FSAL rSE S L ESE S % Fa %S W RS E ST ETEFS W FrE TSN rE AS YT AN TS W FrS s ST FE TS W F AR BT E S % LS F ST RS RS LT ESEFS W FEFra W rar TS A Fa W ESFS % F AT EW FS TS S F AT AL F AT E S F A S A S A %S A F ST S S LS T EE F A TE W F A s E S F ST RS F S L E A F S S E A R BT

DEPOSITING A FREE MAGNETIC REGION ABOVE THE
METAL INSERTION LAYER

* =+ 0 + %+ +F+ %+ rF ke FEFEFFFF A FEFREEFPEFFFEFEP R YRR RYE PR FRYF P FYF PRSP Y FEFFEYEFE PRSP kPR TF L YR F R RS RS R FRFFEFREFAFRF PR RS T FYFE YRR RSEFEFRYE P FFEF L AP FF Y FEFFEYE RSP

+ F + 1 + +F + 1 + + F + 1 + 4+ F + 1 + + 4+ +

DEPOSITING A DIELECTRIC LAYER ABOVE THE FREE
REGION

B Ok ok koo ok ok koo ko ok ok osk o ko bk ko k ok ok koo b ok od & ok bk ok od koo bk oskhod koo koo d ok ok ok ok B ok ook ok d koo kokof ok ko ok o d B ok B ok o ok B ok oo k ok b ok oof ook B koo ko ok § ko f k § & f ko sk B sk F A g B A R P & B M B A g BB EE &kl k& B B B BBk od B bk ok Bk ok ok ok od ko ok ok posk ko o ko ok ok ok o h ok b ko ko ok b okoof kok B ok ok ok koo ook § ok ok § ook ok d ok ok h ok B ok ok ko ok B ok ok h ok B ok ok b ok o ok bk ko ok okoof ok B &

+ + F + 1 ¥+ + F + 1 + + 4+ 1 + 44+ 1+ +F

DEPOSITING A FIXED MAGNETIC REGION ABOVE THE
ELEGTRIC LAYER

LN B BN NN BB R LB EBEEREEBEBEEEBEEBEBEEBEBEBEBNEBEEEBEEBEEBNEBEEEEEBEEBEBEBESENBEBERNREBEBEREBEBBERNIEBEEREEBEEBEEBEBEBEEBEEBNREEBEEBEBESBEBEBENBENNEESEBEBEEBEEBEEREENEBEREEBEEBEBEEBEERBEEBEBEEBEBEBEBERBEEEBEBEBEBEEEBEEREEEBEBENEEEBEBBEERBEEBEBEBEEBEBEEBEEBEBEBEEREEBEEBE.NI

+ =+ + F + F F+F F A A F A T F

+




S. Patent Mar. 1, 2022 Sheet 9 of 11 S 11.264.564 B2

7éu

FORMING A MAGNETORESISTIVE STACK INCLUDING A

+ 1 + 4 F + F + 4 F + 1 44+ 1+ 4 FFF+

MAGNETIC TUNNEL JUNCTION 5
DEPOSITING A BARRIER MATERIAL ON THE
MAGNETORESISTIVE STACK INCLUDING A MAGNETIC b
TUNNEL JUNCTION
DEPOSITING AN OXIDFE INSERTION LAYER IN CONTACT
WITH THE BARRIFR MATERIAL '
DEPOSITING A SPIN-HALL MATERIAL IN CONTACT W o
THE OXIDE INSERTION LAYER

* =+ 0 + %+ + 1 + o+ + k+ FF FFFFFFEFEFFFEFFFEFL PR EREFEYE L R PRSP R TFEFFrFRFFL RSP RLFYE RS FTFFFREFEF R FYFEF RS R S L FF PR F P PR F AR FYSF PR PR R FF o F LRt RS R EE S FEFFERYE R R




S. Patent Mar. 1, 2022 Sheet 10 of 11 S 11.264.564 B2

/30

FORMING A MAGNETORESISTIVE STACK INCLUDING A

+ 1 + 4 F + F + 4 F + 1 44+ 1+ 4 FFF+

MAGNETIC TUNNEL JUNCTION e
DEPOSITING A BARRIER MATERIAL ON THE
MAGNETORESISTIVE STACK INCLUDING A MAGNETIC b
TUNNEL JUNCTION
DEPOSITING A METAL INSERTION LAYER IN CONTACT
WITH THE BARRIFR MATERIAL '
DEPOSITING A SPIN-HALL MATERIAL IN CONTACT W |
THE METAL INSERTION LAYER

* =+ F + %+ + 1 + %+ + b+ FF+ FFF FFF L F PR EREFFREFEYE Y L T EEYT R FFEL LR FL RS R YAFEFYFE L PEF A FEFR L YRR AR FTFRE R EREFYF P FYF PR LR F o F FF Lt R P R RS FEFFERYE R R

- m
=& r m T E oo [
+ 4 + + F + b+ d b+ d F + b+ d +
F+ + F+ %+ +

L

r +

+ d + + A +
+ 4 + v+ +h +

-
-
+




U.S. Patent Mar. 1, 2022 Sheet 11 of 11 US 11,264,564 B2

b e o L

] READ SELECTION
DIODE
MAGNETORESISTIVE
STACK/STRUCTURE
SOT WRITE LINE
CONDUCTOR . WRITE SELECTION
(WRITE WORD LINE) TRANSISTOR
- CONDUCTOR CONDUCTOR
(SOURCE LINE 2) (SOURCE LINE 1)
Discrete Memory Device Embedded Memory Device

LOGIC




US 11,264,564 B2

1

MAGNETORESISTIVE DEVICES AND
METHODS THEREFOR

TECHNICAL FIELD

The present disclosure relates to, among other things,
magnetoresistive devices and methods for fabricating and/or
using the disclosed magnetoresistive devices.

INTRODUCTION

In one or more embodiments, the present disclosure
relates to a magnetoresistive device having a magnetoresis-
tive stack or structure (for example, part of a magnetoresis-
tive memory device and/or magnetoresistive sensor/trans-
ducer device) and methods of manufacturing and operating
the described magnetoresistive devices. In one embodiment,
an exemplary magnetoresistive stack (for example, used 1n
a magnetic tunnel junction (MTJ) magnetoresistive device)
of the present disclosure includes one or more layers of
magnetic or ferromagnetic material.

Brietly, a magnetoresistive stack used in a memory device
(e.g., a magnetoresistive random access memory (MRAM))
of the present disclosure includes at least one non-magnetic
layer (for example, at least one dielectric layer or a non-
magnetic vyet electrically conductive layer) disposed
between a “fixed” magnetic region and a “free” magnetic
region, each including one or more layers of ferromagnetic
maternials. Information 1s stored in the magnetoresistive
memory stack by switching, programming, and/or control-
ling the direction ol magnetization vectors 1n the magnetic
layer(s) of the free magnetic region. The direction of the
magnetization vectors of the free magnetic region may be
switched and/or programmed (for example, through spin-
orbit torque (SOT) and/or spin-transier torque (STT)) by
application of a write signal (e.g., one or more charge current
pulses) adjacent to, or through, the magnetoresistive
memory stack. In contrast, the magnetization vectors in the
magnetic layers of a fixed magnetic region are magnetically
fixed 1n a predetermined direction during application of the
write signal. When the magnetization vectors of the free
magnetic region adjacent to the non-magnetic layer are in
the same direction as the magnetization vectors of the fixed
magnetic region adjacent to the non-magnetic layer, the
magnetoresistive memory stack has a first magnetic state.
Conversely, when the magnetization vectors of the free
magnetic region adjacent to the non-magnetic layer are
opposite the direction of the magnetization vectors of the
fixed magnetic region adjacent to the non-magnetic layer,
the magnetoresistive memory stack has a second magnetic
state. The magnetoresistive memory stack has different
clectrical resistances 1n the first and second magnetic states.
For example, a resistance (e.g., electrical) of the second
magnetic state may be relatively higher than a resistance of
the first magnetic state. The magnetic state of the magne-
toresistive memory stack 1s determined or read based on the
resistance of the stack in response to a read current (e.g., a
charge current) applied, for example, through the magne-
toresistive stack.

As magnetic memory devices (e.g., MRAM) advance
towards smaller process nodes to increase density, indi-
vidual MT1J bit sizes must laterally shrink to accommodate
tighter pitch and space between bits. However, as the size
and/or aspect ratio of the MTJ bit decreases, the energy
barrier between the two magnetic states of the MTJ may
decrease. As the energy barrier decreases, however, the data
retention and/or thermal stability of the MTJ bit also may
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2

decrease. Typically, the decrease in energy barrier of the
MTJ bit may be corrected by increasing the perpendicular

anisotropy or magnetic moment of the free region by alter-
ing its composition/material/thickness. However, doing so
also may raise the critical current (described 1n greater detail
below) of the MTI bit. MT1 bits with high critical currents
undergo a greater amount of periodic damage and degen-
eration during write and/or reset operations and negatively
impact MTJ device (1.e. MRAM) endurance.

The present disclosure relates to devices (e.g., devices
including magnetoresistive stacks) and methods for writing
or otherwise switching the magnetic state of a magnetore-
sisttive memory device via STT and/or SOT switching
schemes. More particularly, the description that follows
describes embodiments of MTJ geometries which integrate
SOT and/or STT switching mechanics, individually or 1n
combination, to provide mmproved switching efliciency,
enabling the switching of a high energy barrier MTJ bit
without the use of unnecessary high magnitudes of write
current. The scope of the current disclosure, however, is
defined by the attached claims, and not by any characteris-
tics of the resulting devices or methods.

BRIEF DESCRIPTION OF TH.

(Ll

DRAWINGS

Embodiments of the present disclosure may be imple-
mented 1n connection with aspects 1llustrated 1n the attached
drawings. These drawings show diflerent aspects of the
present disclosure and, where appropriate, reference numer-
als 1llustrating like structures, components, materials, and/or
clements 1n different figures are labeled similarly. It 1s
understood that various combinations of the structures,
components, and/or elements, other than those specifically
shown, are contemplated and are within the scope of the
present disclosure.

For simplicity and clarity of 1llustration, the figures depict
the general structure and/or manner of construction of the
various embodiments described herein. For ease of illustra-
tion, the figures depict the different layers/regions of the
illustrated magnetoresistive stacks as having a uniform
thickness and well-defined boundaries with straight edges.
However, a person skilled 1n the art would recognize that, 1n
reality, the different layers typically have a non-uniform
thickness. And, at the interface between adjacent layers, the
materials of these layers may alloy together, or migrate into
one or the other material, making their boundaries 1ill-
defined. Descriptions and details of well-known {features
(e.g., interconnects, etc.) and techniques may be omitted to
avoild obscuring other features. Elements 1n the figures are
not necessarily drawn to scale. The dimensions of some
features may be exaggerated relative to other features to
improve understanding of the exemplary embodiments. The
drawings are simplifications provided to help illustrate the
relative positioning of various regions/layers and describe
various processing steps. One skilled in the art would
appreciate that the regions are not necessarily drawn to scale
and should not be viewed as representing proportional
relationships between diflerent regions/layers. Moreover,
while certain regions/layers and features are 1llustrated with
straight 90-degree edges, in actuality or practice such
regions/layers may be more “rounded”, curved, and/or
gradually sloping.

Further, one skilled in the art would understand that,
although multiple layers with distinct interfaces are 1llus-
trated 1n the figures, 1 some cases, over time and/or expo-
sure to high temperatures, materials of some of the layers
may migrate 1nto or interact with materials of other layers to
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present a more diffuse interface between these layers. It
should be noted that, even 11 1t 1s not specifically mentioned,
aspects described with reference to one embodiment may
also be applicable to, and may be used with, other embodi-
ments.

Moreover, there are many embodiments described and
illustrated herein. The present disclosure 1s netther limited to
any single aspect nor embodiment thereof, nor to any
combinations and/or permutations of such aspects and/or
embodiments. Moreover, each aspect of the present disclo-
sure, and/or embodiments thereof, may be employed alone
or in combination with one or more of the other aspects of
the present disclosure and/or embodiments thereof. For the
sake of brevity, certain permutations and combinations are
not discussed and/or illustrated separately herein. Notably,
an embodiment or implementation described herein as
“exemplary” 1s not to be construed as preferred or advan-
tageous, for example, over other embodiments or implemen-
tations; rather, 1t 1s intended to reflect or indicate that the
embodiment(s) 1s/are “example” embodiment(s). Further,
even though the figures and this written disclosure appear to
describe the magnetoresistive stacks of the disclosed mag-
netoresistive devices 1n a particular order of construction
(e.g., from bottom to top), it 1s understood that the depicted
magnetoresistive stacks may have a diflerent order (e.g., the
opposite order (1.e., Irom top to bottom)).

FIGS. 1A-1C each illustrate a schematic diagram of a
region of a magnetoresistive stack utilizing SOT and/or ST'T
switching mechanisms, according to one or more embodi-
ments of the present disclosure;

FIG. 2A illustrates a schematic diagram of a region of a
magnetoresistive stack utilizing SOT and/or ST'T switching,
mechanisms, according to one or more embodiments of the
present disclosure;

FIG. 2B 1llustrates a top-down view depicting the mag-
netoresistive stack shown 1 FIG. 2A, according to one or
more embodiments of the present disclosure;

FIG. 3A illustrates a schematic diagram of a region of a
magnetoresistive stack utilizing SOT and/or ST'T switching,
mechanisms, according to one or more embodiments of the
present disclosure;

FIG. 3B illustrates a top-down view depicting the mag-
netoresistive stack shown 1 FIG. 3A, according to one or
more embodiments of the present disclosure;

FIG. 4A 1llustrates a schematic diagram of a region of a
magnetoresistive stack utilizing SOT and/or STT switching,
mechanisms, according to one or more embodiments of the
present disclosure;

FIG. 4B 1llustrates a top-down view depicting the mag-
netoresistive stack shown 1 FIG. 4A, according to one or
more embodiments of the present disclosure;

FIG. SA illustrates a schematic diagram of a region of a
magnetoresistive stack utilizing SOT and/or STT switching,
mechanisms, according to one or more embodiments of the
present disclosure;

FIG. 5B illustrates a top-down view depicting the mag-
netoresistive stack shown 1 FIG. 5A, according to one or
more embodiments of the present disclosure;

FIG. 6A 1llustrates a schematic diagram of a region of a
magnetoresistive stack utilizing SOT and/or STT switching,
mechanisms, according to one or more embodiments of the
present disclosure;

FIG. 6B illustrates a top-down view depicting the mag-
netoresistive stack shown 1 FIG. 6A, according to one or
more embodiments of the present disclosure;
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4

FIGS. 7A-7D are flow charts illustrating one or more
exemplary processes for manufacturing a magnetoresistive

stack utilizing SOT and/or STT switching mechanisms;

FIG. 8 1s a schematic diagram of an exemplary magne-
toresistive memory stack electrically connected to a select
device, e.g., an access transistor, 1n a magnetoresistive
memory cell configuration;

FIGS. 9 and 10 are schematic block diagrams of inte-
grated circuits including a discrete memory device and an
embedded memory device, each including an MRAM
(which, 1n one embodiments is representative of one or more
arrays of MRAM having a plurality of magnetoresistive
memory stacks according to aspects of certain embodiments
of the present disclosure).

Again, there are many embodiments described and 1llus-
trated herein. The present disclosure 1s netther limited to any
single aspect nor embodiment thereot, nor to any combina-
tions and/or permutations of such aspects and/or embodi-
ments. Each of the aspects of the present disclosure, and/or
embodiments thereof, may be employed alone or 1n combi-
nation with one or more of the other aspects of the present
disclosure and/or embodiments thereof. For the sake of
brevity, many of those combinations and permutations are
not discussed separately herein.

DETAILED DESCRIPTION

It should be noted that all numeric values disclosed herein
(including all disclosed thickness values, limits, and ranges)
may have a vanation of £10% (unless a different variation
1s specified) from the disclosed numeric value. For example,
a layer disclosed as being *“t” units thick can vary 1in
thickness from (t-0.1 t) to (t+0.1 t) units. Further, all relative
terms such as “about,” “substantially,” “approximately,” etc.
are used to indicate a possible variation of £10% (unless
noted otherwise or another variation 1s specified). Moreover,
in the claims, values, limits, and/or ranges of the thickness
and atomic composition of, for example, the described
layers/regions, mean the value, limit, and/or range +10%.

It should be noted that the description set forth herein 1s
merely 1llustrative 1n nature and 1s not intended to limit the
embodiments of the subject matter, or the application and
uses of such embodiments. Any implementation described
herein as exemplary 1s not to be construed as preferred or
advantageous over other implementations. Rather, the term
“exemplary” 1s used in the sense of example or “illustra-
tive,” rather than “i1deal.” The terms “comprise,” “include,”
“have,” “with,” and any variations thereof are used synony-
mously to denote or describe a non-exclusive inclusion. As
such, a device or a method that uses such terms does not
include only those elements or steps, but may include other
clements and steps not expressly listed or inherent to such
device and method. Further, the terms “first,” “second,” and
the like, herein do not denote any order, quantity, or impor-
tance, but rather are used to distinguish one element from
another. Similarly, terms of relative orientation, such as
“top,” “bottom,” etc. are used with reference to the oren-
tation of the structure illustrated in the figures being
described. Moreover, the terms “a” and “an” herein do not
denote a limitation of quantity, but rather denote the pres-
ence of at least one of the referenced item.

It should further be noted that, although exemplary
embodiments are described in the context of MTJ stacks/
structures, the present inventions may also be implemented
in connection with giant magnetoresistive (GMR) stacks/
structures where a conductor (e.g., a layer of copper) 1s

disposed between two ferromagnetic regions/layers/materi-
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als. Embodiments of the present disclosure may be
employed in connection with other types of magnetoresis-
tive stacks/structures where such stacks/structures include a
fixed magnetic region. For the sake of brevity, the discus-
s1ons and 1llustrations presented 1n this disclosure will not be
repeated specifically in the context of GMR or other mag-
netoresistive stacks/structures (e.g., anisotropic magnetore-
sistive (AMR) devices), but the discussion and drawings
described below are to be interpreted as being entirely
applicable to GMR and other magnetoresistive stacks/struc-
tures (e.g., AMR-type devices).

In this disclosure, the term “region” may be used gener-
ally to refer to one or more layers. That 1s, a region (as used
herein) may include a single layer (deposit, film, coating,
etc.) of material or multiple layers of matenals stacked one
on top of another (1.e., a multi-layer structure). Further,
although 1n the description below, the different regions
and/or layers 1n the disclosed magnetoresistive devices may
be referred to by specific names (e.g., bottom electrode, top
clectrode, fixed magnetic region, free magnetic region), this
1s only for ease of description and not intended as a
functional description or relative location/orientation of the
layer. Moreover, although the description below and the
figures appear to depict a certain orientation of the layers
relative to each other, those of ordinary skill 1n the art waill
understand that such descriptions and depictions are only
exemplary. For example, though a free region of a magne-
toresistive stack may be depicted as being “above” an
intermediate layer of that stack, in some aspects the entire
depicted magnetoresistive stack may be flipped such that the
free region 1s “below” the intermediate layer.

In one exemplary embodiment, a magnetoresistive stack
ol a magnetoresistive device of the present disclosure may
be implemented as a STT and/or SOT MRAM element. In
such embodiments, the magnetoresistive stack may include
an itermediate layer disposed (e.g., sandwiched) between
two ferromagnetic regions to form an MTJ device or an
MTI-type device. Of the two ferromagnetic regions dis-
posed on either side of the intermediate layer, one ferro-
magnetic region may be a fixed (or pinned) magnetic region,
and the other ferromagnetic region may be a free magnetic
region. The term iree 1s intended to refer to ferromagnetic
regions having a magnetic moment that may shift or move
significantly 1n response to applied magnetic fields or spin-
polarized currents used to switch the magnetic moment
vector. Relatedly, the words fixed or “pinned” are used to
refer to ferromagnetic regions having a magnetic moment
vector that does not move substantially 1n response to such
applied magnetic fields or spin-polarized currents. As 1is
known 1n the art, an electrical resistance of the described
magnetoresistive stack may change based on whether the
magnetization direction (e.g., the direction of the magnetic
moment) of the free region adjacent to the non-magnetic
layer (e.g., a tunnel barrier) 1s 1n parallel alignment or 1n an
antiparallel alignment with the magnetization direction (e.g.,
the direction of the magnetic moment) of the fixed region
adjacent to the non-magnetic layer. Typically, if the two
regions have the same magnetization alignment, the result-
ing relatively low resistance 1s considered as a digital “0,”
while 11 the alignment 1s antiparallel the resulting relatively
higher resistance 1s considered to be a digital *“1.” A memory
device (e.g., an MRAM) may include multiple magnetore-
sistive stacks, which may be referred to as memory cells or
clements, arranged in an array of columns and rows. By
measuring the current through each cell, the resistance of
cach cell, and thus the data stored in the memory array can
be read.
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In some embodiments, the free magnetic region and the
fixed magnetic region may each include a plurality of the
layer(s) of magnetic or {ferromagnetic materials, For
example, matenials that include one or more of the ferro-
magnetic elements mickel (N1), iron (Fe), and cobalt (Co),
including, for example, alloys or engineered materials with
one or more of the elements palladium (Pd), platinum (Pt),
magnesium (Mg), manganese (Mn), and chromium (Cr),
boron (B) as well as one or more synthetic antiferromagnetic
structures (SAF) or synthetic ferromagnetic structures (SyF)
wherein one or more layers of magnetic materials layers
may also include one or more non-magnetic materials layers
(for example, ruthenium (Ru), copper (Cu), aluminum (Al),
tantalum (Ta), titantum (11), niobium (Nb), vanadium (V),
zircomium (Zr), indium (Ir) and one or more alloys thereot,
and 1n certain embodiments, tungsten (W) and molybdenum
(Mo). An intermediate layer (e.g., a dielectric layer) may be,
for example, one or more layers of aluminum oxide and/or
magnesium oxide.

In a magnetoresistive device utilizing SOT switching
mechanics, switching the magnetization of the free region of
a magnetoresistive stack may be accomplished, or assisted,
by driving a charge current pulse through a spin-Hall (SH)
material proximate (e.g., 1n contact with or near) the free
region. Examples of SH maternials include, but are not
limited to, platinum (Pt), beta-tungsten (3-W), tantalum
(Ta), palladium (Pd), hatnium (Hf), gold (Au), alloys includ-
ing gold (e.g., AuPt, AuCu, AuW), alloys including bismuth
(B1) and selentum (Se) (e.g., B1,Se; or (BiSe),Te,), alloys
including copper (Cu) and one or more of platinum (Pt),
bismuth (B1), indium (Ir), or lead (Pb) (e.g., CuPt alloys,
CuBi1 alloys, Culr alloys, CuPb alloys), alloys including
silver (Ag) and bismuth (B1) (e.g., AgBi1 alloys), alloys
including manganese (Mn) and one or more of platinum (Pt),
iridium (Ir), palladium (Pd), or 1ron (Fe) (e.g., PtMn alloys,
IrMn alloys, PdMn alloys, FeMn alloys), or combinations
thereof. SH material may have a positive spin Hall angle or
a negative spin Hall angle.

The mean current required to be passed through a SH
material 1n SOT switching or through a free region in STT
switching 1 order to change i1ts magnetic state may be
referred to as the critical current (I.). The critical current 1s
indicative of the current required to “write” data n a
magnetoresistive memory cell. Reducing the critical current
1s desirable so that, among other things, a smaller access
transistor can be used for each memory cell and that a higher
density, lower cost memory can be produced. A reduced
critical current may also lead to greater longevity and/or
durability of a magnetoresistive memory cell.

Embodiments described herein may utilize what may be
referred to as spin-orbit torque (SOT) to switch or aid in
switching the magnetic state of the free region in an MTJ or
MTIJ-like device. One of major mechanisms of SOT 1s that
a charge (e.g., current or charge current) through an SH
material adjacent to (and/or in contact with) the free region
results 1n a spin torque acting on the free region due to the
injection of a spin current into the Iree region from the
spin-dependent scattering of electrons and/or spin-orbit
interaction 1n the SH material. The polarnty of the charge
current through the SH material and the polarity of the spin
Hall angle 1n the SH material may determine the direction 1n
which the spin current 1s imparted. The spin current may be
injected into the free region 1n a direction perpendicular to
the boundary (or interface) where the free region and the SH
material meet, and orthogonal to the direction of the charge
current flow. The spin torque applied to the free region by
the spin current impacts the magnetic state of the free region
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in a manner similar to spin-polarized tunneling current that
flows through the MTJ 1n traditional STT magnetic tunnel
junctions. As the function of STT magnetic tunnel junctions
1s well known 1n the art, 1t will not be further described here.

Other mechanisms for inducing spin-orbit torque include
charge current flowing parallel to an interface between the
free region and the SH material with broken inversion
symmetry (e.g., an interface without an axis of rotational
symmetry). The tlowing electrons may become spin polar-
ized at the interface due to spin-orbit coupling. The spin
polarized electrons may exert a torque on the magnetization
of the adjacent free region.

As with write currents 1n conventional STT MTJ devices,
in devices using SOT switching mechanisms, the direction
of SOT 1s dependent on the direction of the charge current
flow 1n the SH material. In other words, the direction of
charge current flow within the SH material proximate to the
free region determines the direction of torque that 1s applied
to the free region. Accordingly, the free region may be able
to be switched between two stable states based on torque
applied by charge current flowing in the proximate SH
material 1n one of two directions. In some embodiments, the
free region may be able to be switched between two stable
magnetic states based on the torque applied by a ST'T current
flowing 1n either direction through the MTJ. The magnetic
state of the free region may also be switched by the torque
resulting from both an STT current by applying an electrical
current through MTJ bit and SOT from one or more SH
maternals by applying a charge current through one or more
SH matenals.

Two of the mechanisms of SOT: spin Hall effect and
interfacial SOT effect, may compete or aggregate, resulting
in varying magnetoresistive properties. At a given direction
of charge current through SH material, the polarity of torque
direction by spin Hall eflect may be determined by bulk
material properties of SH matenals (e.g., positive or nega-
tive spin Hall angle). The polarity of torque direction by
interfacial SOT eflect may determined by interfacial physi-
cal and chemical state between the SH material and the free
region as well as bulk material properties of SH matenals.
To promote high switching efliciency, 1t may be desirable
that the two mechanisms have the same polarity, strength-
enming each other and aggregating to result 1in an increased
switching efliciency. Components of spin torque, damping-
like torque and field-like torque, are generally orthogonal to
cach other. In some embodiments, the damping-like torque
direction of mnterfacial SOT effect may be aligned with the
damping-like torque direction of spin Hall effect, resulting 1n
an increased switching efliciency. In some examples, the
polarity of torque direction by interfacial SOT effect can be
opposite from the polarity of torque direction by spin Hall
ellect, and which may result in the switching efliciency
deteriorating.

In some cases, interfacial spin-orbit coupling increases
spin memory loss of the spin current generated by spin Hall
ellect, resulting 1n a deteriorating switching efliciency. In
such cases, 1t may be effective to alter the intertacial physical
and chemical state by insertion of metal layer or oxide layer
(e.g., a layer including a nitride) between the SH material
and the free region to improve the switching efficiency. The
isertion of metal layer or oxide layer may suppress the
interfacial spin-orbit coupling or the iterfacial SOT eflect.
The insertion of metal layer or oxide layer, combined with
careful tuning of the oxidation state of the oxide layer may
change the polarity of torque direction by interfacial SOT
ellect, eflectively aligning it with the polarity of torque
direction by spin Hall effect.
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In some embodiments, the torque applied by SOT alone 1s
used to switch the free region, whereas 1n other embodi-
ments, SOT 1s an “assist” to reduce the magnitude of an STT
write current required to switch the magnetic state of the free
region. In embodiments, where the ST'T write current travels
through the entirety of the MTJ stack to produce a spin
polarized tunneling current between the free region and
fixed region. Reading of data stored by the MTJ stack 1is
accomplished as 1n a conventional STT MTJ device. For

example, a read current, having a magnitude less than that of
the critical current of the MT1J stack, 1s applied to the MTJ
stack to sense the resistance of the MTJ stack. As a person
of ordinary skill in the art would recognize, there are many
techniques that may be used to detect or sense the resistance
of the MTIJ stack. In some embodiments, the resistance
sensed based on the read current can be compared with a
reference resistance to determine the state of the free region.
In some embodiments, a seli-referenced read operation 1s
performed where the resistance through the MT1J 1s sensed,
then the MT1J 1s written (or reset) so that the free region 1s
in a known state, then the resistance 1s sensed again and
compared with the resistance originally sense. The original
state of the free region can then be determined based on
whether the resistance sense has changed based on the write
or reset operation. In still other embodiments, a mid-point
reference read operation may be performed.

For the sake of brevity, conventional techniques related to
semiconductor processing may not be described in detail
herein. The exemplary embodiments may be fabricated
using known lithographic processes. The fabrication of
integrated circuits, microelectronic devices, micro electric
mechanical devices, microfluidic devices, and photonic
devices mvolves the creation of several layers or regions
(e.g., comprising one or more layers) ol materials that
interact in some fashion. One or more of these regions may
be patterned so various regions of the layer have diflerent
clectrical or other characteristics, which may be intercon-
nected within the region or to other regions to create
clectrical components and circuits. These regions may be
created by selectively introducing or removing various
maternals. The patterns that define such regions are often
created by lithographic processes. For example, a layer of
photoresist 1s applied onto a layer overlying a waler sub-
strate. A photo mask (containing clear and opaque areas) 1s
used to selectively expose the photoresist by a form of
radiation, such as ultraviolet light, electrons, or x-rays.
Either the photoresist exposed to the radiation, or not
exposed to the radiation, 1s removed by the application of the
developer. An etch may then be employed/applied whereby
the layer (or material) not protected by the remaining resist
1s patterned. Alternatively, an additive process can be used
in which a structure 1s built up using the photoresist as a
template.

As noted above, 1n one aspect, the described embodiments
relate to, among other things, methods of manufacturing a
magnetoresistive stack having one or more electrically con-
ductive electrodes, vias, or conductors on either side of a
magnetic material stack. As described 1n further detail
below, the magnetic material stack may include many dif-
ferent regions of material, where some of these regions
include magnetic materials, whereas others do not. In one
embodiment, the methods of manufacturing include sequen-
tially depositing, growing, sputtering, evaporating, and/or
providing (which may be referred to collectively herein as
“depositing”) regions which after further processing (e.g.,
etching) form a magnetoresistive stack.
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In some embodiments, the disclosed magnetoresistive
stacks may be formed between a top electrode/via/line and
a bottom electrode/via/line and which permit access to the
stack by allowing for connectivity (e.g., electrical) to cir-
cuitry and other elements of the magnetoresistive device.
Between the electrodes/vias/lines are multiple regions,
including at least one fixed magnetic region (which may be
referred to hereinafter as a fixed region) and at least one free
magnetic region (which may be referred to heremnatter as a
free region) with one or more intermediate layers (e.g., a
dielectric layer) that forms a tunnel barrier between the fixed
region and the free region. Each of the fixed region and the
free region may include, among other things, a plurality of
terromagnetic layers. In some embodiments, the fixed region
(e.g., ixed region 160 discussed below) may include a
synthetic antiferromagnet (SAF). In some embodiments, a
top electrode (and/or) bottom electrode may be eliminated
and a bit line and/or SH material may be formed on top of
the stack. Additionally, each magnetoresistive stack may be
disposed proximate to an SH maternal. The SH material may
be configured to carry charge current and impart spin current
on the free region during write and reset operations. In one
or more embodiments, one or more electrodes of a magne-
toresistive stack may include an SH matenial. In other
embodiments, a magnetoresistive stack may be formed
between a top electrode and a bottom electrode and proxi-
mate to an SH material, the SH maternial being independently
connected to a charge current source. In such embodiments,
the magnetoresistive stack or device may be referred to as a
three-terminal magnetoresistive device.

Referring now to FIGS. 1A-6B, various magnetoresistive
stacks (e.g., the relative location and orientation of the free
region, the mtermediate layer, the fixed region, one or more
SH matenals, and/or one or more other layers or regions) are
shown. The simplified illustrations in FIGS. 1A-6B do not
necessarlly show all regions and layers of an exemplary
magnetoresistive stack, but instead are intended to illustrate
the relative location and positioning of several exemplary
regions. Further, although the regions depicted in FIGS.
1A-6B are rectangular in shape, this 1s for simplicity and
clarity only. The magnetoresistive stacks described herein
may have a rectangular, trapezoidal, pyramidal, cylindrical,
or other shape.

Referring now to FIGS. 1A-1C, a magnetoresistive device
100, 101, 102 may include one or more regions or layers
between a line, strip, or region of SH material 110 and a top
clectrode 180. For example, referring to FIG. 1A, a free
region 120, may be disposed on and in contact with SH
material 110. An intermediate layer 130 may be disposed on
and 1n contact with free region 120. A fixed region 160 may
be disposed on the other side of intermediate layer 130 from
free region 120. In some embodiments, fixed region 160
may be disposed on and 1n contact with intermediate layer
130. The magnetoresistive device 100, may include one or
more additional regions or layers, such as, for example, a
cap region 170. Cap region 170 may be disposed above and
in contact with fixed region 160. Top electrode 180 may be
disposed above fixed region 160, such as, for example,
disposed above and in contact with cap region 170.

Referring to FIG. 1B, magnetoresistive device 101 may
include a metal insertion layer 210 disposed between SH
material 110 and free region 120. The metal insertion layer
210 may include one or more layers of metal or metal alloys
such as hatnium (Hf), chromium (Cr), platinum (Pt), tanta-
lum (Ta), indium (Ir), ruthenium (Ru), tungsten (W), or
alloys and combinations thereof. Metal nsertion layer 210
may have a thickness less than or equal to approximately 2
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nanometers (nm), such as for example, less than or equal to
approximately 1.5 nm, less than or equal to approximately 1
nm, approximately 1 nm to approximately 2 nm, approxi-
mately 1 nm to approximately 1.5 nm, approximately 0.5 nm
to approximately 1.5 nm, approximately 0.5 nm to approxi-
mately 1.0 nm, approximately 0.7 nm, approximately 0.5
nm, or any other suitable thickness that does not deleteri-
ously affect the transier of spin current from SH material 110
to free region 120. Without being limited by theory, inclu-
sion ol metal 1nsertion layer 210 may reduce spin memory
loss at an 1nterface of SH material 110 and free region 120
(e.g., the interface of SH material 110 and free region 120
shown 1n FIG. 1A). This spin memory loss may be caused
by the interfacial spin-orbit coupling, and the inclusion of
metal mnsertion layer 210 may improve switching efliciency
of SOT operations by reducing interfacial spin-orbit cou-
pling.

Referring to FIG. 1C, magnetoresistive device 102 may
include an oxide insertion layer 310 disposed between SH
material 110 and free region 120. The term “oxide” insertion
layer 1s meant to be explanatory and not descriptive.
Although oxide 1nsertion layer 310 may include one or more
oxides (such as, for example, copper oxide (CuOx), gado-
limum oxide (GdOx), magnesium oxide (MgOx), hatnium
oxide (H1iOx), titamium oxide (T10x), ruthenium oxide
(RuOx), rhenium oxide (ReOx), iridium oxide (IrOx)), 1n
addition or alternatively, oxide insertion layer 310 may
include one or more nitrides (e.g., TaN). Oxide 1nsertion
layer 310 may have a thickness less than or equal to
approximately 2 nm, such as for example, less than or equal
to approximately 1.5 nm, less than or equal to approximately
1 nm, approximately 1 nm to approximately 2 nm, approxi-
mately 1 nm to approximately 1.5 nm, approximately 0.5 nm
to approximately 1.5 nm, approximately 0.5 nm to approxi-
mately 1.0 nm, approximately 0.7 nm, approximately 0.5
nm, or any other suitable thickness that does not deleteri-
ously affect the transier of spin current from SH material 110
to free region 120. Without being limited by theory, inclu-
s1on of oxide insertion layer 310 may control the magnitude
or the polarity of torque direction of the interfacial SOT
ellect caused by an interface of SH material 110 and {free
region 120 (e.g., the mtertace of SH material 110 and free
region 120 shown 1n FIG. 1A). For example, inclusion of an
oxide insertion layer 310 may align the polanty of torque
direction of the interfacial SOT eflect with the polarity of
torque direction of the spin Hall effect, so that the interfacial
SOT eflect contributes to the switching work imparted from
SH material 110 to free region 120, mnstead of working
against the switching work. Accordingly, inclusion of oxide
msertion layer 310 may improve switching efliciency of
SOT operations.

Referring again to FIGS. 1A-1C, for read operations,
current may pass from SH material 110, through the mag-
netoresistive stack 100, 101, 102, to top electrode 180. For
write and/or reset operations, current may pass along SH
material 110, imparting spin current to free region 120. In
addition, a wrte current may also be passed from SH
maternial 110, through the magnetoresistive stack 100, 101,
102, to top electrode 180, to assist 1n switching the magnetic
state of free region 120 (e.g., via STT).

In some embodiments, the magnetoresistive stacks of the
present disclosure, specifically the free regions of the mag-
netoresistive stacks, may utilize a high aspect ratio (e.g.,
have a height greater than or equal to a width or a diameter)
or may be otherwise bar-shaped or cylindrically-shaped. For
example, a free region may have an aspect ratio of greater
than or equal to approximately 1.0, greater than equal to
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approximately 1.5, greater than or equal to approximately
2.0, approximately 1.5 to 2.0.

Referring to FIGS. 2A-2B, a magnetoresistive device 100
may include an mtermediate layer 130 disposed above and
in contact with a fixed region 160. A free region 120 may be °
provided above and in contact with the intermediate layer
130, opposite the fixed region 160. In some embodiments, an
SH material 110 may be disposed adjacent to and 1n contact
with the free region 120. That 1s, the SH material 110 may
be 1n contact with only the free region 120, and not with the
intermediate layer 130 or the fixed region 160. In some
embodiments, the SH material 110 may extend along a width
of the free region 120. In other embodiments, the SH
material 110 may extend only partially along a width of the
free region 120. In some embodiments, the SH material 110
may contact a top edge of the free region 120 and/or a
bottom edge of the free region 120. The SH matenial 110
may have a height less than or equal to the height of free
region 120. As alluded to above, the SH material 110 may
not touch the fixed region 160. Contact of the SH material
110 to the fixed region 160 may result 1n a shorting of the
MTJ, which inhibits the ability of the magnetoresistive stack
to store data and/or read out data. In some embodiments,
when a charge current flows through SH material 110 (for
example, as depicted by the arrows 1n FIGS. 2A and 2B), the
SH material 110 may impart a spin current to free region 120
in a direction perpendicular to the interface of the SH
material 110 and free region 120, and orthogonal to the
direction of charge current flow.

In one or more embodiments, the SH material 110 may
radially cover 60°-300° of free region 120 1n a plane
perpendicular to the interface of the SH material 110 and
free region 120. In some embodiments, a larger cover angle
may result 1n a higher switching efliciency. For example, the
critical current I of spin-orbit torque may be represented
according to Equation 1, shown below:
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where A, represents contact area between the free region
and the SH matenial, A, represents cross-sectional area of
the SH material, E, represents energy barrier of the free 45
region for data retention, o represents Gilbert damping
constant of the free region, e represents elementary charge,
represents reduced Planck constant, and 0., represents
cllective spin Hall angle of the SH material. As the contact
areca between the free region and the SH matenal, A., 1s 50
increased, the critical current I~ 1s lowered. In addition to the
advantageous eflects of lowering critical current 1.
described above, the switching efliciency 1s also increased.

In some embodiments, portions of the SH material 110
may extend past an edge of barrier 135, 135' and further 55
extend at approximately a 90° angle laterally outwards away
from free region 120, to connect to a source line through a
select transistor or to the next bit. In such embodiments, SH
material 110 may have two or more dimensions greater than
one or more of barrier 135, 135' or free region 120. In one 60
or more embodiments, portions of SH material 110 may
have a thickness suflicient to impart a spin current to free
region 120 with enough magnitude to change the magnetic
state of free region 120. In some embodiments, the source
line may be connected to one or more portions of the SH 65
material 110 extending laterally away from free region 120,
forming a three-terminal device (e.g., a first terminal con-
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nected to the SH material 110, a second terminal connected
to the other end of the SH material 110, and a third terminal
connected to a bottom electrode). For simplicity, other parts
of magnetoresistive devices 100, 101, 102 described 1n
relation to FIGS. 1A-1C (e.g., bottom electrode, top elec-
trode, cap layer) are not shown in FIGS. 2A-6B. It should be
understood that one or more of these parts may be 1ncorpo-
rated nto the embodiments described 1n relation to FIGS.
2A-6B.

Still referring to FIGS. 2A and 2B, 1n some embodiments,
a barrier 135 may be disposed between the free region 120
and the SH material 110. The barrier 135 may be 1n contact
with both the free region 120 and the SH material 110. In
some embodiments, the SH material 110 does not contact the
free region 120. As described previously, SH material 110
may extend along a width of the free region 120 or the SH
material 110 may extend only partially along a width of the
free region 120. The barrier 135 may have a width greater
than or equal to SH material 110. In some embodiments,
barrier 135 may have a height greater than or equal to SH
material 110. Barrier 135 may extend from the top edge of
free region 120. In some embodiments, barrier 135 does not
extend past the bottom edge of free region 120. In other
embodiments, barrier 135 may extend from the top edge of
free region 120 to the bottom edge of fixed region 160. In
still other embodiments, barrier 135 may extend from a
position adjacent to (and in contact with) free region 120 to
a position adjacent to (and 1n contact with) fixed region 160.
In one or more embodiments, barrier 135 (and indirectly SH
material 110) may radially cover 30°-200° of free region 120
in a plane perpendicular to the interface of barrier 1335 and
free region 120. SH maternial 110, although only 1n contact
with a portion of the width of free region 120, may radially
cover more of free region 120, in a plane perpendicular to
the interface of barrier 135 and free region 120, than barrier
135.

Barrier 135 may comprise one or more oxides and/or
nitrides. For example, barrier 135 may include one or more
metal oxides (e.g., aluminum oxide, magnesium oxide,
hatmmum oxide, silicon oxide, ruthenium oxide, rhenium
oxide, copper oxide, gadolinium oxide, or titanium oxide),
one or more metalloid conductors (e.g., silicon, germanium,
or antimony ), and/or metal nitrides (e.g., tantalum nitride or
s1licon nitride). Inclusion of barrier 135 may prevent a sneak
charge current from flowing through the free region 120,
from SH material 110. The composition of barrier 135 may
be selected such that the barrier 135 relatively transmits a
spin current well, but 1t does not transmit a charge current
well.

In some embodiments, such as the ones shown 1in FIGS.
2A-2B, a magnetoresistive stack includes two barriers 135,
135", disposed on opposing sides of free region 120. Each
barrier 135, 135" may be 1n contact with both the free region
120 and SH material 110. As described previously, SH
material 110 may extend along a width of the free region 120
or the SH matenials 110 may extend only partially along a
width of the free region 120. The one or more barriers 135,
135" may have a width greater than or equal to a width of the
SH material 110 with which they are in contact. In some
embodiments, barrier 135 may have a height greater than or
equal to a height of the SH material 110 with which they
contact. In some embodiments, when charge (e.g., current)
flows through the SH material horizontally, the SH material
110 may impart a spin current to free region 120 1 a
direction perpendicular to the interface between Iree region
120 and SH material 110, and orthogonal to the direction of
charge (e.g., current) tlow. The charge (e.g., current) may
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also 1mpart a spin current to free region 120 1n a direction
perpendicular to the interface between the free region 120
and the barrier 135, 135".

Referring to FIGS. 3A and 3B, a magnetoresistive device
101 may i1nclude an intermediate layer 130 disposed above
and 1n contact with a fixed region 160. A free region 120 may
be above and 1n contact with the intermediate layer 130,
opposite the fixed region 160. As previously described, SH
material 110 may be placed adjacent to and 1n contact with
free region 120 and the magnetoresistive device may include
one or more barriers 135, 135'. In some embodiments,
magnetoresistive device 101 may include one or more metal
isertion layers 210, 210" disposed between free region 120
and SH material 110 (e.g., between one or more barriers 135,
135" and SH material 110). Metal insertion layer 210, 210’
may have a composition and structure (e.g., thickness) as
described above. Metal insertion layer 210, 210" may have a
width greater than or equal to SH material 110 and/or barrier
135, 135'. In some embodiments, metal insertion layer 210,
210" may have a height greater than or equal to SH material
110 and/or barrier 135, 135'. Metal 1nsertion layer 210, 210
may extend from the top edge of free region 120. In some
embodiments, metal nsertion layer 210, 210" does not
extend past the bottom edge of free region 120. The metal
isertion layer 210, 210' may not touch the fixed region 160.
Contact of the metal insertion layer 210, 210' to the fixed
region 160 may result in a shorting of the MTIJ, which
inhibits the ability of the magnetoresistive stack to read out
stored data. In one or more embodiments, barrier 135 (and
indirectly metal insertion layer 210, 210') may radially cover
30°-200° of free region 120 1n a plane perpendicular to the
interface of barrier 135 and free region 120. SH matenal
110, although only 1n contact with a portion of the width of
free region 120, may radially cover more of free region 120,
in a plane perpendicular to the interface of barrier 1335 and
free region 120, than metal insertion layer 210, 210'. The
metal insertion layer 210, 210' may reduce the interfacial
SOT eflect of whose polarity 1s not favorable to switching at
the barrier area, and then improve the switching efliciency.

In some embodiments, such as the ones shown in FIGS.
3A-3B, a magnetoresistive stack includes two metal inser-
tion layers 210, 210', disposed on opposing sides of free
region 120. Each metal msertion layer 210, 210" may be in
contact with both the barrier 135, 135" and SH material 110.
As described previously, SH material 110 may extend along
a width of the metal msertion layer 210, 210" or the SH
materials 110 may extend only partially along a width of the
metal msertion layer 210, 210"

Referring to FIGS. 4A and 4B, a magnetoresistive device
101 may 1nclude an intermediate layer 130 disposed above
and 1n contact with a fixed region 160. A free region 120 may
be above and 1n contact with the intermediate layer 130,
opposite the fixed region 160. In some embodiments, one or
more barriers 135, 135" may be disposed between the free
region 120 and the SH material 110. In some embodiments,
such as the ones shown 1n FIGS. 4A-4B, a magnetoresistive
stack includes two barrniers 135, 135", disposed on opposing
sides of free region 120. Each barrier 135, 135" may be 1n
contact with both the free region 120 and metal 1nsertion
layer 210, but not SH material 110. In some embodiments,
SH material 110 does not contact the free region 120. As
alluded to above, metal mnsertion layer 210 may isolate SH
material 110 from free region 120.

As described previously, metal 1nsertion layer 210 may
extend along a width of the free region 120. In one or more
embodiments, metal insertion layer 210 (directly or indi-
rectly through barrier 135, 135') may radially cover 30°-

10

15

20

25

30

35

40

45

50

55

60

65

14

300° of free region 120 1n a plane perpendicular to the
interface of barnier 135, 13%' and free region 120. In some
embodiments, when electrons tlow through the SH matenal,
SH material 110 may 1mpart a spin current by the spin Hall
cllect, through metal insertion layer 210, to free region 120,
in a direction perpendicular to the interface between free
region 120 and barrier 135, 135' and to the interface between
free region 120 and metal mnsertion layer 210, and orthogo-
nal to the direction of electron tlow.

Referring to FIGS. 5A and 5B, a magnetoresistive device
102 may include an intermediate layer 130 disposed above
and 1n contact with a fixed region 160. A free region 120 may
be above and in contact with the intermediate layer 130,
opposite the fixed region 160. As previously described, SH
material 110 may be placed adjacent to and 1n contact with
free region 120 and the magnetoresistive device may include
one or more barriers 135, 135'. In some embodiments,
magnetoresistive device 102 may include one or more oxide
isertion layers 310, 310" disposed between free region 120
and SH material 110 (e.g., between one or more barriers 135,
135" and SH material 110). Oxide insertion layer 310, 310’
may have a composition and structure (e.g., thickness) as
described above. In some embodiments, oxide insertion
layer 310, 310" may have the same composition as an
adjoining barrier 135, 135'. Oxide sertion layer 310, 310
may have a width greater than or equal to SH material 110
and/or barrier 135, 135'. In some embodiments, oxide inser-
tion layer 310, 310' may have a height greater than or equal
to SH material 110 and/or barrier 135, 135'. Oxide 1insertion
layer 310, 310' may extend from the top edge of free region
120. In some embodiments, oxide insertion layer 310, 310’
does not extend past the bottom edge of free region 120. In
other embodiments, oxide insertion layer 310, 310" may
extend from the top edge of free region 120 to the bottom
edge of fixed region 160. In one or more embodiments,
barrier 135 (and indirectly oxide insertion layer 310, 310"
may radially cover 30°-200° of free region 120 1n a plane
perpendicular to the interface of barrier 135 and free region
120. SH material 110, although only 1n contact with a
portion of the width of free region 120, may radially cover
more of free region 120, 1n a plane perpendicular to the
interface of barrier 135 and free region 120, than oxide
insertion layer 310, 310'.

In some embodiments, such as those shown in FIGS.
5A-5B, a magnetoresistive stack 102 includes two oxide
insertion layers 310, 310", disposed on opposing sides of free
region 120. Each oxide insertion layer 310, 310' may be in
contact with both the barrier 135, 135' and SH material 110.
As described previously, SH material 110 may extend along
a width of the oxide insertion layer 310, 310" or the SH
materials 110 may extend only partially along a width of the
oxide isertion layer 310, 310"

Referring to FIGS. 6 A and 6B, a magnetoresistive stack
102 may include an intermediate layer 130 disposed above
and 1n contact with a fixed region 160. A free region 120 may
be above and in contact with the intermediate layer 130,
opposite the fixed region 160. In some embodiments, one or
more barriers 135, 135" may be disposed between the free
region 120 and the SH material 110.

In some embodiments, such as the ones shown 1n FIGS.
6A-6B, a magnetoresistive stack includes two barriers 135,
135", disposed on opposing sides of free region 120. Each
barrier 135, 135" may be in contact with both the free region
120 and oxide insertion layer 310, but not SH material 110.
In some embodiments, SH material 110 does not contact the
free region 120. As alluded to above, oxide nsertion layer
310 may 1solate SH material 110 from free region 120.
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As described previously, oxide insertion layer 310 may
extend along a width of the free region 120. In one or more
embodiments, oxide insertion layer 310 (directly or indi-
rectly through barrier 135, 135') may radially cover 30°-
300° of free region 120 in a plane perpendicular to the
interface of barrier 135, 135" and free region 120. In some
embodiments, the alignment of the interfacial SOT eflects at
different interfaces and the spin Hall effect may be accom-
plished by positioning oxide insertion layers 310 such that
the oxidation states of some interfaces between SH material
110 and free region 120 vary depending on whether that
surface of iree region 120 contacts the oxide insertion layer
310 or barrier 135, 135'. The oxidation states of one or more
surfaces of SH material 110 may be tailored to adjust the
polarity of the interfacial SOT eflect dependent intertacial
physical and chemical states.

An exemplary method of manufacturing a magnetoresis-
tive stack with SOT switching (e.g., a magnetoresistive stack

including one of the geometries discussed above) will now
be discussed with reference to FIGS. 1A-6B. It should be

understood that although the exemplary method 1s discussed
in the context of one specific switching geometry (e.g.,
orientation, location, and positioning of one or more of {ree
region 120, fixed region 160, intermediate region 130, SH
material 110, one or more barriers 135, 135", one or more
metal insertion layers 210, 210', or one or more oxide
insertion layers 310, 310"), the techniques, methods, and
principles described herein are applicable to any of the
described switching geometry embodiments. Further,
aspects or features of one or more exemplary methods may
be combined with aspects or features of any other described
exemplary method. Additionally, as previously stated, com-
monly performed conventional techniques related to semi-
conductor processing may not be specifically described
herein. Rather, the description herein 1s intended to highlight
aspects ol example methods of manufacturing a magnetore-
sistive stack utilizing STT and/or SOT switching.

FIG. 7A 1s a flow chart of a method 700 of manufacturing
a magnetoresistive stack 102 utilizing STT and/or SOT
switching and including at least one oxide insertion layer
310, according to one or more embodiments of the present
disclosure. The method 700 may include depositing a spin-
Hall (SH) material 110 on a substrate (step 701). The method
700 may further include depositing an oxide insertion layer
310 above the SH material 110 (step 702). In some embodi-
ments, the method 700 may include depositing a free mag-
netic region 120 above the oxide insertion layer 310 (step
703). The method 700 may further include depositing an
intermediate layer 130 (e.g., a dielectric layer) above the free
region 120 (step 704). In some embodiments, the method
700 may include depositing a fixed magnetic region 160
above the intermediate layer 130 (e.g., a dielectric layer)
(step 705).

FIG. 7B 1s a flow chart of a method 700 of manufacturing
a magnetoresistive stack 101 utilizing STT and/or SOT
switching and including at least one metal insertion layer
210, according to one or more embodiments of the present
disclosure. The method 710 may include depositing a spin-
Hall (SH) material 110 on a substrate (step 711). The method
710 may further include depositing a metal nsertion layer
210 above the SH material 110 (step 712). In some embodi-
ments, the method 710 may include depositing a free mag-
netic region 120 above the metal nsertion layer 210 (step
713). The method 710 may further include depositing an
intermediate layer 130 (e.g., a dielectric layer) above the free
region 120 (step 714). In some embodiments, the method
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700 may include depositing a fixed magnetic region 160
above the mtermediate layer 130 (e.g., a dielectric layer)
(step 715).

FIG. 7C 1s a flow chart of a method 720 of manufacturing,
a magnetoresistive stack 102 utilizing STT and/or SOT
switching and including at least one oxide insertion layer
310, according to one or more embodiments of the present
disclosure. The method 720 may include forming a magne-
toresistive stack including a magnetic tunnel junction (step
721). The method 720 may further include depositing a
barrier 135 material on the magnetoresistive stack including
a magnetic tunnel junction (step 722). In some embodi-
ments, the method 720 may include depositing an oxide
insertion layer 310 in contact with barrier 135 matenial (step
723). The method 720 may further include depositing a
spin-Hall (SH) material 110 1n contact with the oxide
msertion layer 310 (step 724).

FIG. 7D 1s a tlow chart of a method 730 of manufacturing
a magnetoresistive stack 101 utilizing STT and/or SOT
switching and including at least one metal nsertion layer
210, according to one or more embodiments of the present
disclosure. The method 730 may include forming a magne-
toresistive stack including a magnetic tunnel junction (step
731). The method 730 may further include depositing a
barrier 135 material on the magnetoresistive stack including
a magnetic tunnel junction (step 732). In some embodi-
ments, the method 730 may include depositing a metal
insertion layer 210 in contact with barrier 135 matenial (step
733). The method 730 may further include depositing a
spin-Hall (SH) material 110 1n contact with the metal
isertion layer 210 (step 734).

As alluded to above, the magnetoresistive devices of the
present disclosure, including one or more switching geom-
etries described herein, may be implemented in a sensor
architecture or a memory architecture (among other archi-
tectures). For example, 1n an M1 device having a memory
configuration, the MTJs may be electrically connected to an
access transistor and configured to couple or connect to
various conductors, which may carry one or more control
signals, as shown 1n FIG. 8. The magnetoresistive devices of
the current disclosure may be used 1n any suitable applica-
tion, including, e.g., in a memory configuration. In such
instances, the magnetoresistive devices may be formed as an
integrated circuit comprising a discrete memory device (e.g.,
as shown 1n FIG. 9) or an embedded memory device having
a logic therein (e.g., as shown 1n FIG. 10), each including
MRAM, which, 1n one embodiment 1s representative of one
or more arrays of MRAM having a plurality ol magnetore-
sistive devices 100, 101, 102, according to certain aspects of
certain embodiments disclosed herein.

In one embodiments, a magnetoresistive device 1s dis-
closed. The device includes a top electrode, a magnetically
fixed region, a magnetically free region positioned above or
below the magnetically fixed region, and an intermediate
region (e.g., a dielectric layer) positioned between the mag-
netically fixed region and the magnetically free region. The
free region may be configured to have a first magnetic state
and a second magnetic state. The magnetoresistive device
may also include a spin Hall material proximate to at least
a portion of the free region and an insertion layer disposed
between the SH matenial and the free region, wherein the
insertion layer comprises an oxide or a metal.

Various embodiments of the disclosed magnetoresistive
device may additionally or alternatively also include one or
more of the following features: the SH material may com-
prise at least one of platinum, beta-tungsten, palladium,
hatnium, gold, an alloy including gold, and alloy including
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bismuth and selenium, an alloy including copper, an alloy
including manganese, iridium, selentum, or one or more
combinations thereof; charge current through the SH mate-
rial may generate spin current 1n a direction perpendicular to
a plane between the SH matenial and the free region; the
insertion layer may have a thickness less than or equal to
approximately 2.0 nm; the magnetoresistive device may be
configured such that charge current may pass through SH
material without passing through free region or charge
current may pass through the free region without passing
through the SH matenal; the SH material may extend across
an entire width of the insertion layer; and/or the fixed region
may comprise a synthetic antiferromagnet.

In another embodiment, a magnetoresistive device 1s
disclosed. The magnetoresistive device may include a mag-
netically fixed region, a magnetically free region positioned
above or below the magnetically fixed region, and an
intermediate region (e.g., a dielectric layer) positioned
between the magnetically fixed region and the magnetically
free region. The free region may be configured to have a first
magnetic state and a second magnetic state. A barrier may be
proximate to at least a portion of the free region. A spin Hall
material may be proximate to at least a portion of the
magnetically free region. A current though the SH material
may generate spin current i a direction perpendicular to a
plane between the SH material and the free region. The
device may include a metal insertion layer disposed between
the SH material and the barrier.

Various embodiments of the disclosed magnetoresistive

device may additionally or alternatively also include one or
more of the following features: the metal insertion layer may
comprise hainium, chromium, platinum, tantalum, iridium,
ruthenium, tungsten, or an alloy or combination thereof; the
device may be configured such that charge current may be
passed through the SH material without passing through the
free region; charge current flowing in a first direction though
the SH material may switch the free region to the first
magnetic state and charge current flowing i a second
direction may switch the free region to the second magnetic
state; the SH material may radially cover at least about 180°
of the free region, 1n a plane perpendicular to the interface
of the SH material and the free region; SH material covering
a {irst radial portion of the free region may have a thickness
greater than the SH material covering a second radial portion
of the free region; and/or the metal insertion layer may have
a thickness less than or equal to 2.0 nm.
In another embodiment, a magnetoresistive device 1s
disclosed. The magnetoresistive device may include a mag-
netically fixed region, a magnetically free region positioned
above or below the magnetically fixed region, and an
intermediate region (e.g., a dielectric layer) positioned
between the magnetically fixed region and the magnetically
free region. The free region may be configured to have a first
magnetic state and a second magnetic state. A barrier may be
proximate to at least a portion of the free region. A spin Hall
material may be proximate to at least a portion of the
magnetically free region. A charge current though the SH
material may generate spin current in a direction perpen-
dicular to a plane between the SH material and the free
region. The device may include an oxide insertion layer
disposed between the SH material and the barrier.

Various embodiments of the disclosed magnetoresistive
device may additionally or alternatively include one or more
of the following features: the oxide insertion layer may
comprise one or more ol: copper oxide, gadolinium oxide,
magnesium oxide, hafnium oxide, titantum oxide, ruthenium
oxide, iridium oxide, rhenium oxide, or tantalum nitride; the
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free region may have an aspect ratio greater than or equal to
approximately 1.0; the SH maternial may contact the free
region; the SH material may cover about 60° to about 300°
of the free region, 1n a plane perpendicular to an interface of
the SH material and the free region; the SH material may
comprise at least one of platinum, palladium, gold, beta-
tungsten, tantalum, hatnium, an alloy including bismuth and
selentum, Culr alloy, CuPt alloy, CuBi alloy, CuPb alloy, an
alloy including silver and bismuth, or one or more combi-
nations thereof.

Although various embodiments of the present disclosure
have been illustrated and described in detail, 1t will be
readily apparent to those skilled in the art that various
modifications may be made without departing from the
present disclosure.

What 1s claimed 1s:

1. A magnetoresistive device comprising:

a top electrode;

a fixed region below the top electrode, the fixed region

having a fixed magnetic state;

a Iree region below the fixed region, wherein the free

region 1s configured to have a first magnetic state and
a second magnetic state;

a dielectric layer between the free region and the fixed

region;

a spin-Hall (SH) material proximate to at least a portion

of the free region, wherein a charge current through the
SH material generates spin current in a direction per-
pendicular to a plane between the SH matenal and the
free region; and

a metal msertion layer disposed between the SH material

and the free region, wherein the metal 1nsertion layer
comprises hainium, chromium, platinum, tantalum,
iridium, ruthenium, tungsten, or an alloy or combina-
tion thereof.

2. The device of claim 1, wherein the SH material
comprises at least one of platinum, beta-tungsten, tantalum,
palladium, hatnium, gold, an alloy including gold, an alloy
including bismuth and selenium, an alloy including copper,
an alloy including manganese, 1ridium, selenium, or one or
more combinations thereof.

3. The device of claim 1, wherein the metal insertion layer
has a thickness less than or equal to approximately 2.0 nm.

4. The device of claim 1, wherein the device 1s configured
such that charge current may be passed through the SH
material without passing through free region or charge

current may be passed through the free region without
passing through the SH matenal.
5. The device of claim 1, wherein the SH material extends
across an entire width of the metal insertion layer.
6. The device of claim 1, wherein the fixed region
comprises a synthetic antiferromagnet.
7. A magnetoresistive device comprising;:
a fixed region having a fixed magnetic state;
a Iree region configured to switch between a first mag-
netic state and a second magnetic state;
a dielectric layer between the free region and the fixed
region;
a barrier proximate to at least a portion of the free region;
a spin-Hall (SH) matenal proximate to at least a portion
of the free region, wherein charge current through the
SH material generates spin current in a direction per-
pendicular to a plane between the SH matenal and the
free region; and
a metal msertion layer disposed between the SH material
and the barrier.
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8. The device of claim 7, wherein the metal insertion layer
comprises hainium, chromium, platinum, tantalum, 1ridium,
ruthenitum, tungsten, or an alloy or combination thereof.

9. The device of claim 7, wherein the device 1s configured
such that charge current may be passed through the SH
material without passing through free region.

10. The device of claim 7, wherein a charge current
flowing 1n a first direction through the SH material switches
the free region to the first magnetic state, and wherein a
charge current flowing 1in a second direction switches the
free region to the second magnetic state.

11. The device of claim 7, wherein the SH material
radially covers at least about 180° of the free region, in a
plane perpendicular to the mterface of the SH material and
the free region.

12. The device of claim 7, wherein the SH material
covering a first radial portion of the free region has a
thickness greater than the SH maternial covering a second

radial portion of the free region.
13. The device of claim 7, wherein the metal insertion
layer has a thickness less than or equal to 2.0 nm.
14. A magnetoresistive device comprising:
a fixed region having a fixed magnetic state;
a Iree region configured to have a first magnetic state and
a second magnetic state;
a dielectric layer between the free region and the fixed
region;
a barrier proximate to at least a portion of the free region;
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a spin-Hall (SH) material proximate to at least a portion
of the free region, wherein charge current through the
SH material generates spin current 1n a direction per-
pendicular to a plane between the SH matenal and the
free region; and

an oxide msertion layer disposed between the SH material
and the barrier.

15. The device of claim 14, wherein the oxide insertion

layer comprises one or more of: copper oxide, gadolinium
oxide, magnesium oxide, hainium oxide, titanium oxide,

ruthenium oxide, iridium oxide, rhenium oxide, or tantalum
nitride.

16. The device of claim 14, wherein the free region has an
aspect ratio greater than or equal to approximately 1.0.

17. The device of claim 14, wherein the SH material
contacts the free region.

18. The device of claim 17, wherein the SH material
covers about 60° to about 300° of the free region, 1n a plane
perpendicular to an interface of the SH material and the free
region.

19. The device of claim 14, wherein the SH material
comprises at least one of platinum, palladium, gold, beta-
tungsten, tantalum, hatnium, an alloy including bismuth and
selenium, Culr alloy, CuPt alloy, CuB1 alloy, CuPb alloy, an
alloy including silver and bismuth, or one or more combi-
nations thereof.

20. The device of claim 7, wherein the metal insertion
layer does not include boron.
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